Graphene, first isolated by Novoselov, 1 has attracted a lot of attention because of its intriguing physics for fundamental studies and its potential applications for the next-generation electronic devices. [2] [3] [4] [5] [6] As a 2D crystal, graphene was found to exhibit high crystal quality, 1, 7, 8 in which charge carriers can travel thousands of interatomic distances without being scattered. [9] [10] [11] In particular, due to its special honeycomb structure, the band structure of graphene exhibits two intersecting bands at two inequivalent K points in the reciprocal space, and its low energy excitations are massless Dirac Fermions near these K points because of the linear (photon-like) energymomentum dispersion relationship. This results in very high electron mobility in graphene, which can be further improved significantly, even up to ≈10 5 cm 2 /V · s. Electron or hole transport in field-effect devices based on graphene can be controlled by an external electric field. 1 Moreover, Park 12 demonstrated theoretically that the chiral massless Dirac Fermions of graphene propagate anisotropically in a periodic potential, which suggests the possibility of building graphenebased electronic circuits from appropriately engineered periodic surface potential patterns, without the need for cutting or etching. Graphene-based devices can be expected to have many advantages over silicon-based devices.
However, precise control of the carrier type and concentration in graphene is not easy, especially for p-type. Up to now, most of the graphene samples were either deposited on a SiO 2 surface or grown on a SiC surface, and these epitaxial graphenes are usually electron doped by the substrate. 13 Alkali metal atoms can be deposited on graphene to selectively control the n-type carrier concentration in the graphene layers. However, distribution of the metal atoms on the graphene surface is usually inhomogeneous, and the resulting charged impurities cause significant reduction of the carrier mobility. 14 The single, open-shell NO 2 molecule is found to be a strong acceptor, whereas its equilibrium gaseous state N 2 O 4 acts as a weak dopant and does not result in any significant doping effect. 15 Boron or nitrogen substitutional doping is also not reliable and always induces defects that destroy the promising electronic property of graphene. Thus, it is desirable and crucial to develop new methods to precisely control the carrier type and concentration in graphene for further development of graphene-based nanoelectronics. In addition, pristine graphene is a zero-gap semiconductor, and its Fermi level exactly crosses the Dirac point. For practical application, an energy gap is essential.
Recently, Chen et al. 16 modified the graphene surface using a conjugated organic molecule, F4-TCNQ. They found that electrons transfer from graphene to the adsorbed molecules, resulting in a p-type doped graphene. This opened a door to precisely control the carrier type and concentration of graphene by organic molecules with different electronic properties. It is thus very important to understand the interaction between organic molecules and graphene. However, to our knowledge, there has been hardly any theoretical work on the adsorption of organic molecules on graphene. In this letter, we report results of our first-principles investigation on the adsorption of an interesting molecule, tetracyanoethylene (TCNE), on graphene and the electronic structure of the system. TCNE is an ethene molecule with four hydrogens substituted by cyano, and itisawell-knownmolecularmagnetwithahighCurietemperature. 17, 18 It is a strong electron acceptor with a large electron affinity that readily forms charge-transfer complexes in which it pulls electrons from neighboring metal atoms or molecules. 19, 20 Although the neutral TCNE molecule presents no magnetic properties, its empty antibonding molecular orbitals are spin-polarized, which result in spin-polarized electronic density when they are occupied by electrons.
First-principles calculations were performed using the VASP code. [21] [22] [23] [24] The projector augmented wave potentials 25 were used to model electron-ion interactions, while the local spin density approximation (LSDA) was used for the exchange-correlation function. The k-space integration was done by summing over the Monkhorst-Pack 26 special points in the 2D Brillouin zone. The tetrahedron method, with a smearing width of 0.1 eV for the Fermi level, was used. The plane wave basis set was restricted by a cutoff energy of 400 eV. The in-plane lattice constant of graphene was set to 2.42 Å, which is the lattice parameter determined from our first-principles calculation within LSDA. In structural optimization, two layers of graphene were used, and the lower layer was kept rigid to model a substrate, while the upper layer, as well as the adsorbed TCNE molecule, was allowed to fully relax. A 20 Å vacuum region was used to ensure that there was negligible interaction between the molecule and the bottom graphene layer in neighboring cells. The forces acting on relaxed atoms were e0.02 eV/Å in the optimized structures. Electronic structures of TCNE on a single graphene layer presented below were calculated using the optimized geometries but with the substrate graphene layer removed.
To study the adsorption of an isolated TCNE on graphene, a 4(3) 1/2 × 6 graphene supercell (96 carbon atoms per graphene layer), with one TCNE molecule, was used, and total energy calculations were performed using a 3 × 3 × 1 k-point mesh. This ensured a lateral distance between TCNE molecules of at least 10 Å to eliminate interaction between TCNE molecules in neighboring supercells in the dilute limit. The corresponding coverage of TCNE on graphene was 1.04%.
Five high-symmetry adsorption sites of TCNE on graphene are considered in the present study, and they are schematically shown in Figure 1 . The central C-C bond of TCNE at sites 1, 2, and 3 is parallel, while that at site 4 and 5 is perpendicular to a C-C bond of graphene. Furthermore, the center of the TCNE molecule is above the hollow site of graphene for binding sites 3 and 4. In contrast, the center of TCNE is over the bridge site of graphene for sites 2 and 5. At site 1, three carbon atoms of the TCNE molecule are over the hollow sites of graphene, while the other three carbons are on top of the carbon atoms of graphene. We first focus our attention on their relative stability. The adsorption energy per TCNE molecule is determined by subtracting the energy of the isolated molecule, E TCNE , and the energy of the substrate, E graphene , from the total energy of the TCNE-graphene system E TCNE-graphene , that is
The calculated adsorption energies of TCNE adsorbed at the five sites at the low coverage are given in the first column in Table 1 . Although site 4 is the most stable adsorption site, the differences in adsorption energies of various sites are no more than 0.08 eV. In particular, the adsorption energy of TCNE at site 3 is only 0.025 eV higher than that at site 4. Therefore, we predict that the mobility of TCNE on graphene will be high at room temperature. Adsorption of TCNE does not result in any significant structural distortion in the graphene, and the rumpling of the graphene layer is smaller than 0.1 Å for all adsorption sites considered. For all adsorption sites, the TCNE molecule is found floating above the graphene layer at about 3 Å, and there is no evidence of formation of chemical bonds between the TCNE molecule and the graphene. The interaction between the adsorbed molecule and the substrate is mainly electrostatic in nature, similar to that of TCNE adsorption on a Ag(100) surface. 29 Carbon has a similar electron affinity (1.26 eV 27 on the Bader 28 partition scheme) as Ag (1.30 eV 27 ). A charge transfer of ∼0.44 e from graphene to TCNE was found, which results in a strong molecule-substrate interaction and formation of a charge-transfer bond between TCNE and graphene. This can be clearly seen in the differential charge density given in Figure 2d , which is similar to that of TCNE adsorbed on Ag(100). 29 The negatively charged TCNE anions repel each other at high coverage, which will be discussed later.
The differential charge density shown in Figure 2d also reveals that charges transferred from graphene to TCNE are mainly accumulated on nitrogen atoms of cyano and the central sp 2 -bonded carbon atom. On the other hand, the charge-depleted area of the graphene plane is delocalized. The band structure around the Dirac point is not significantly affected by the adsorption of TCNE. The calculated total spin-polarized density of states (DOS) of graphene with the adsorbed TCNE (Figure 2c) shows clearly strong acceptor levels at 0.3 eV below the Dirac point. The molecular orbitals of TCNE correspond to flat bands and manifest themselves as peaks in the DOS. The energies of these peaks are nearly independent of the adsorption site. The most interesting feature is the partially occupied molecule orbitals of anion TCNE (TCNE -) around the Fermi level, which is split by the Hund-like exchange interaction (Figure 2a) . For a free TCNE -molecule, the spin-up orbitals are located at the Fermi level and are partially occupied, while the spin-down orbitals are completely empty. When adsorbed on graphene, the spin-down orbital is 0.07 eV above the Fermi level and remains unoccupied. It is known that the anion TCNE -is a radical molecule and the partially occupied orbital of TCNE -is the π* antibonding molecular orbital. 30 As revealed by the spin density shown in Figure 2e , the spin-up density is mainly localized on the sp 2 carbon and nitrogen atoms, while the spin-down density is localized on the sp carbons of cyano because of the spin delocalization effect and spin polarization effect, which is consist with observation of polarized neutrons experiment. 31 Because of the weak bonding between TCNE and graphene, graphene contributes, through coupling between p z orbitals of TCNE and graphene, a little to the overall spin (Figure 2e ). The graphene band around the Fermi level is also spin-polarized (Figure 2b) . At the Fermi level, the density of spin-up electrons dominates over that of spin-down electrons. The large spin-polarization of charge carriers at the Fermi level could be useful for graphene-based spintronic devices, which is expected to have long spin relaxation length. 32 Next, we consider higher coverage of TCNE molecules on graphene. Here, a 2(3) 1/2 × 3 supercell containing 24 carbon atoms per graphene layer and 1 TCNE was used. The total energy calculations were performed using a 6 × 6 × 1 k-point mesh. As the coverage of TCNE increases, the intermolecular interaction becomes stronger, and the molecule-substrate interaction is weaken. Placing one TCNE molecule per supercell described above results in a TCNE coverage of 4.20% and an intermolecular distance of 2.6 Å. At this small intermolecular separation, the negatively charged TCNE molecules repel each other strongly. The calculated adsorption energies of TCNE at the same five sites shown in Figure 1 are listed in the last column (∆E 2 ) in Table 1 . They decrease from close to 1 eV in the dilute limit to around 0.6 eV. The strong repulsive intermolecular interaction results in large structural distortion. Figure 3 shows the optimized structure of TCNE adsorbed at site 2 of graphene, which becomes the most stable adsorption site at this high coverage. To lower the repulsive interaction between the negatively charged cyano groups, the TCNE molecules rotate by about 30°relative to substrate on all five sites so that the charged cyano groups can avoid facing each other directly. The reduction in intermolecular repulsive interaction results in a lower total energy of the system and site 2 as a more stable adsorption site, compared to site 4, which is the most stable adsorption site in the dilute limit. The rotation of the molecule reducestheintermoleculeinteractionbutraisesthemolecule-substrate interaction. At site 4, the increase in the molecule-substrate interaction is more than that at site 2, although the TCNE molecules rotate by roughly the same angle in both cases.
Also due to the strong intermolecular repulsive interaction, the amount of charge transfer from graphene to TCNE decreases. Compared to the charge transfer of ∼0.44 e per TCNE molecule from graphene to TCNE in the dilute limit, only 0.2 e of charge is transferred from graphene to each TCNE molecule at this high coverage. However, due to more TCNE molecules per unit surface area, the overall charge transfer from graphene to the TCNE molecules is more efficient. Considering that the TCNE coverage in the high-coverage case considered here is four times that in the dilute limit, the charge transfer per unit area of graphene actually increases by 80% compared to that in the dilute limit. Due to the charge depletion in graphene, the work function of graphene increases to 4.91 eV at the low TCNE coverage and 5.09 eV at the high coverage, from 4.41 eV for clean graphene. Therefore, the high coverage of TCNE leads to more efficient p-doping of graphene. At the coverage of 4.20%, the Dirac point of graphene shifts from 0.3 to 0.5 eV above the Fermi level (Figure 4a ). However, this may not be a general behavior for all organic molecules. If the interaction between molecules is too strong, the amount of charge transfer may be insufficient to produce efficient p-doping. It is thus important to choose the right electron-acceptor molecule in order to achieve p-doped graphene. The spin polarization, which is mainly determined by the amount of charge transfer from graphene to TCNE, was found to be reduced when the coverage of TCNE increased. Figure 4a shows the spin-polarized DOS at the high coverage. Compared to that in Figure 2c , the splitting of the partially occupied molecular orbitals around the Fermi level is significantly reduced, and the spin-up and spin-down energy levels become almost degenerate because of less electrons gained by each TCNE molecule. The magnetic momentum of the system becomes 0.05 µB per TCNE, and no significant spin density is observed on graphene. The reduced charge transfer from graphene to each TCNE molecule also weakens the charge-transfer bond between TCNE and graphene, which is reflected by the smaller adsorption energy (Table 1) . It has been demonstrated that an energy gap opens at the Dirac point if two graphene layers in a bilayer system are inequivalent. 33, 34 For bilayer graphene, the band structure at the K point consists of a pair of π and π* bands which are separated by a gap and another degenerate pair of π and π* bands at which the Fermi level crosses. This degeneracy is removed when the equivalence of the two graphene layers is broken by charge accumulation in one of the graphene layer or by an external electrostatic potential. In the TCNE/graphene system, the charge depletion in the graphene layer adsorbed with TCNE causes the inequivalence between the two graphene layers and the gap opening at the K point. The calculated total DOS of the TCNE-bilayer-graphene at the high coverage (one TCNE molecule per 2(3) 1/2 × 3 supercell) is shown in Figure  4b . Due to charge depletion in the graphene layer adsorbed with TCNE, the potential equivalence between two layers is broken, and an energy gap of ∼0. 23 eV is open at the Dirac point above the Fermi level. The size of the gap was found to increase with charge depletion in graphene. Since the amount of charge transfer from graphene to TCNE varies with TCNE coverage, the energy gap of graphene can be tuned by the coverage of TCNE on the bilayer graphene. For example, at the low coverage of one TCNE molecule per 4(3) 1/2 × 6 supercell, the gap is reduced to 0.04 eV. Graphene can now be easily grown on SiC. It can be expected that when TCNE is adsorbed on bilayer graphene grown on a SiC substrate, the charge difference or Coulomb potential difference between the two graphene layers will be larger due to excess charge in the graphene layer next to SiC gained from the substrate. 33 The width of the energy gap would be larger than that of the freestanding TCNE-bilayer-graphene. By selecting the proper molecule and substrate, the width of the band gap of graphene may be tuned over a wider range. TCNE molecules are more advantageous compared to alkali atoms because the intermolecular repulsive interaction leads to uniform distribution of the molecules at increasing coverage. 14 The P-N junction is a basic unit in integrated circuits, and it is desirerable to fabricate P-N junctions on a graphene layer for graphene-based electronic devices. An organic molecule may be useful for achieving this goal. For example, using graphene grown on a SiC substrate, p-type domains can be created through selfassembly of acceptor molecules 35 such as TCNE in selected areas on graphene, while the undoped regions are naturally n-type domain. 13 Modification of graphene with patterned two-dimensional supermolecules of acceptor and donor types 36 could be another way to obtain an array of P-N junctions on graphene. Furthermore, a periodic potential due to patterned organic molecules on the graphene surface may also lead to other interesting and potentially useful behaviors of charge carriers. For example, the transport of charge carriers through such a graphene superlattice can be highly anisotropic, and in extreme cases, the group velocities can be reduced to zero in one direction but unchanged in another. 12 An important suggestion of the present study is the possibility of building graphene electronic circuits without the need for cutting or etching the graphene.
In summary, we investigated the detailed electronic structure of TCNE on graphene. Our results demonstrate that p-type graphene can be obtained by modifying the graphene with electron-acceptor molecules. The stable adsorption site of TCNE on graphene varies with coverage due to competition of intermolecular repulsive electrostatic interaction and the molecule-substrate interaction. The Fermi level shifts downward relative to the Dirac point when the TCNE coverage increases, providing a simple and nondestructive way of controlling the hole concentration in graphene. The split and partially filled π* orbitals of the TCNE anion radical induce a small but significant spin density in the graphene layer at low coverage, and states at the Fermi level are composed mainly of the spin-up states, which is potentially useful for spintronics applications. When TCNE is adsorbed on one side of a bilayer graphene, a band gap as large as 0.23 eV opens at the Dirac point, which can be further tuned by TCNE coverage. Our work demonstrates that the electronic structure of graphene can be controlled over a wider range by organic molecules, and it is thus possible to build graphene-based electronic devices by modifying the graphene with patterned organic molecules, without the need for cutting or etching graphene.
